Abstract The correct identification of HER2-positive cases is a key point to provide the most appropriate therapy to breast cancer (BC) patients. We aimed at investigating the reproducibility and accuracy of HER2 expression by immunohistochemistry (IHC) in a selected series of 35 invasive BC cases across the pathological anatomy laboratories in Tuscany, Italy. Unstained sections of each BC case were sent to 12 participating laboratories. Pathologists were required to score according to the Food and Drug Administration (FDA) four-tier scoring system (0, 1+, 2+, 3+). Sixteen and nineteen cases were HER2 non-amplified and amplified respectively on fluorescence in situ hybridization. Among 192 readings of the 16 HER2 non-amplified samples, 153 (79.7 %) were coded as 0 or 1+, 39 (20.3 %) were 2+, and none was 3+ (false positive rate 0 %). Among 228 readings of the 19 HER2 amplified samples, 56 (24.6 %) were scored 0 or 1+, 79 (34.6 %) were 2+, and 93 (40.8 %) were 3+. The average sensitivity was 75.4 %, ranging between 47 % and 100 %, and the overall false negative rate was 24.6 %. Participation of pathological anatomy laboratories performing HER2 testing by IHC in external quality assurance programs should be made mandatory, as the system is able to identify laboratories with suboptimal performance that may need technical advice. Updated 2013 ASCO/CAP recommendations should be adopted as the widening of IHC 2+ "equivocal" category would improve overall accuracy of HER2 testing, as more cases would be classified in this category and, consequently, tested with an in situ hybridisation method.
Introduction
The introduction of trastuzumab had a remarkable impact on the treatment of epidermal growth factor receptor 2 (HER2)-positive BC patients. Trastuzumab targets the extracellular domain of HER2, which is a transmembrane receptor tyrosine kinase encoded by a gene located on the long arm of the chromosome 17 [1] and amplified and/or over-expressed in 15-20 % of primary BC [2] . The correct identification of HER2-positive BC cases is therefore a key point to provide the most appropriate therapy to these patients [3] . Recommendations on HER2 testing were developed in 2007 by the American Society of Clinical Oncology (ASCO) and the College of American Pathologists (CAP) [4] .
Two diagnostic techniques are currently available to assign HER2 status in clinical practice: immunohistochemistry (IHC), which detects HER2 protein expression, and in-situ hybridization (ISH), which quantifies gene amplification. Current testing algorithm recommend IHC upfront and scoring HER2 expression according to the Food and Drug Administration (FDA) four-tier system: scores 0 and 1+ are considered as HER2-negative (i.e., not eligible to anti-HER2 treatment), score 3+ is considered as HER2-positive (i.e., eligible to anti-HER2 treatment), whereas score 2+ constitutes a gray zone in which a reflex ISH testing is needed [5] .
Three ISH techniques are currently available to assess HER2 gene amplification: fluorescence in situ hybridization (FISH), chromogenic in situ hybridization (CISH), and silver in situ hybridization (SISH). Of these, FISH represents the most validated ISH technique. According to current guidelines [6, 7] , HER2 gene amplification is defined as HER2/chromosome 17 centromere (CEP17) ratio ≥2, or HER2 copy number ≥6.
The need for accurate and reproducible determination of HER2 status using standardized assays, with strict adherence to quality control and quality assurance programs, are widely addressed in recent recommendations [4, [6] [7] [8] , and key points in pre-analytical, analytical and post-analytical phases of HER2 testing have been identified [4] . In particular, the performance of the distinct available antibodies can affect accuracy and reproducibility of results during the analytical phase. Anti-HER2 antibodies for IHC are the A0485 rabbit polyclonal, the 4B5 rabbit monoclonal and the CB11 mouse monoclonal antibodies. These antibodies can be used with in-house protocols or as part of commercial kit preparations, such as: HercepTest™ (clone A0485; Dako, Glostrup, Denmark), Bond Oracle® HER2 (clone CB11; Leica Microsystems GmbH, Wetzlar, Germany), and Pathway® HER2 (clone 4B5; Ventana Medical Systems Inc., Tucson, AZ, USA).
Discordance in HER2 IHC results between local and central laboratories participating in clinical trials has been well documented [2] . This is especially relevant for low volume laboratories, where up to≈20 % of HER2 IHC assays may prove to be false positive findings after retesting in a central high volume laboratory [9] . The literature has mainly focused so far on false positivity of HER2 IHC assays; on the contrary, only a few data are reported concerning false negative HER2 IHC results. In the VIRGO observational cohort study of patients with primarily HER2 negative breast cancer, 4 % of specimens rated as HER2 negative by local laboratories were found to be HER2 positive centrally [10] . In most clinical trials published so far, a re-evaluation by expert pathologists at central level was performed that focused mainly on laboratory performance rather than on microscopic evaluation of results [11] .
We aimed at investigating the accuracy and reproducibility of HER2 expression by IHC in a selected series of invasive BC cases with a standardized pre-analytical phase across the pathological anatomy laboratories in Tuscany, Italy. In particular, we assessed both the performance of pathological anatomy laboratories and the microscopic interpretation of BC cases by comparing the self-reported HER2 IHC results with the HER2 status on FISH.
Materials and Methods
Thirty-five surgical specimen cases of invasive BC were selected from the archives of the Pathological Anatomy Unit of the Careggi Hospital, Florence, Italy (referred to as "reference laboratory" thereinafter). A disproportionate number of IHC 2+ cases were included to enhance the number of discrepancies that usually occur in borderline cases.
The pre-analytical phase was standardized for all BC cases, with a cold ischemia time less than 1 h and a formalin fixation time, in 10 % neutral buffered formalin, within a time frame comprised between 24 and 48 h. Representative formalinfixed paraffin-embedded blocks were cut into 4-μm-thick sections, mounted on coated glass slides, and baked overnight at 56°C.
Pathologists from the 14 public pathological anatomy laboratories of Tuscany were invited to join the study. Two laboratories were excluded due to their routine use of fixatives other than buffered formalin in their daily routine. This left with 12 participating laboratories: of these, 2 used A0485 rabbit polyclonal antibody with in-house protocols, 2 used HercepTest™, 2 used Bond Oracle® HER2, and 6 used Pathway® HER2. All participating laboratories were using internal quality assurance procedures.
Thirty five sets (1 for each BC case) of unstained sections were sent to each participating laboratory in 4 separate shipments during May-August 2013, with the aim of obtaining freshly cut sections and preventing the potential reduction of intensity of IHC staining due to slide storage [12] . Three unstained sections were made available to each participating laboratory for each selected BC case: 1 for H&E, 1 for IHC and 1 as reserve. The first and the last section from each paraffin block were re-tested on IHC by reference laboratory to exclude variances of HER2 expression.
The slides of each case were anonymous and identified with randomly assigned numerical labels.
Participating pathologists were required to report for each case: the percentage of stained cells; the intensity (weak, moderate, strong) and pattern (complete or incomplete) of membrane staining; and the score according to the FDA four-tier scoring system (0, 1+, 2+, 3+). Scores 0 or 1+ were considered negative for HER2 expression; score 2+ was considered as equivocal; and score 3+ was considered positive.
The HER2 status of each specimen was confirmed by dualcolor FISH in the reference laboratory, using the PathVysion HER-2 DNA Probe Kit (Abbott Laboratories, Abbott Park, IL, USA). FISH-stained sections were scanned and three separate invasive carcinoma areas identified. The number of CEP17 and HER2 signals was counted in 60 non-overlapping nuclei using at least three distinct tumor fields. In cases with an average of CEP17 signals less than three, the HER2/CEP17 ratio was calculated and those BC cases that had a ratio ≥2 were considered amplified. In consideration that the true polisomy (average of CEP17 signals ≥3) is a rare event [13] the average of HER2 copy number was used in cases with an average of CEP17 signals ≥3, and cases were interpreted as amplified when the average of HER2 copy number was ≥6 [3, 14] . Cases with HER2 genetic heterogeneity [15] were excluded from the study as their concordance when tested on IHC in different laboratories and on IHC vs. FISH is known to be low.
HER2 status on FISH was used as "gold standard": 16 and 19 cases resulted non-amplified and amplified respectively.
Statistical Analysis
We used a weighted kappa statistic [16] to quantify the between-reader agreement for all possible pairs of readers. We used the following weights: 1 for perfect agreement, 2/3 for a disagreement by 1 score value (0 vs. 1+, 1+ vs. 2+, 2+ vs. [17] .
We calculated the sensitivity (for each reading pathologists and overall) as the proportion of actual (i.e., on FISH) HER2-amplified BC cases that were assigned a 2+ or 3+ score by IHC. We used the chi-square test to assess whether the average sensitivity differed across used antibodies and annual caseload (number of BC samples per year: ≤100, 101-200, 201-300, >300).
All analyses were performed using STATA version 11 (STATA Corp., TX, USA).
Results
Out of the 420 readings (35 breast cancer cases for each of 12 participating pathologists), the distribution of scores was as follows: 107 (25.5 %) were 0; 102 (24.3 %) were 1+; 118 (28.1 %) were 2+; and 93 (22.1 %) were 3+.
In Table 1 , we report the values of the weighted kappa statistics for the 66 possible pairs of pathologists. The agreement was excellent for 3 pairwise comparisons (5 %); good for 31 pairs (47 %); moderate for 22 pairs (33 %); and low for 10 pairs (15 %). The three kappa values higher than 0.80 were observed for the between-reader comparisons of pathologists E, I and J with each other.
In Table 2 , we report the number of samples that were read by each pathologist as 0, 1+, 2+ or 3+, according to the status of HER2 on FISH, along with values of sensitivity for each individual pathologist and overall. Among 192 readings of the 16 HER2 non-amplified samples, 153 (79.7 %) were coded as 0 or 1+, 39 (20.3 %) were 2+, and none was 3+ (false positive rate 0 %). The only pathologist (B) who classified all 16 non-HER2-amplified BC samples as either 0 or 1+ also scored 10 of the 19 HER2-amplified breast cancer cases as either 0 or 1+, showing the lowest sensitivity (47 %).
On the other hand, among 228 readings of the 19 HER2-amplified samples, 56 (24.6 %) were scored 0 or 1+, 79 (34.6 %) were 2+, and 93 (40.8 %) were 3+. The average sensitivity was 75.4 %, ranging between 47 % and 100 %, and the overall false negative rate was 24.6 %. The three pathologists (F, H and L) who achieved a 100 % sensitivity also scored, respectively, 4, 6 and 8 HER2 non-amplified cases as 2+.
The average sensitivity was not affected by the antibody used (p=0.35) or the annual caseload of the laboratory (p= 0.97). In particular, the three 100 %-sensitivity pathologists used 3 different antibodies and reported different annual caseloads (300+ and101-200 cases/year for 1 and 2 centers, respectively).
We report in Table 3 the distribution of scores given by the 12 pathologists to each BC sample according to the HER2 status on FISH. Of the 16 HER2 non-amplified BC samples, 6 were read as either 0 or 1+ by all pathologists, and none was read as 3+. Among the 19 HER2-amplified BC samples, 8 were read as either 2+ or 3+ by all pathologists, while the remaining 11 were read as 0 or 1+ by at least 1 (up to 9) pathologist; in this latter group 7 BC cases were never scored 3+.
In Table 4 we report the distribution of false negative readings along with antibody used, IHC score, % of stained tumor cells and intensity of incomplete membrane staining. FISH-amplified samples read as 1+ considerably differed in terms of percentage of stained cells and intensity of incomplete membrane staining, which points towards analytical phases and poor overall performance being the main determinants of inconsistencies across laboratories (Fig. 1) . In BC cases 14, 16, 21 and 23, the falsenegative readings were made by most pathologists, and their frequency did not depend on the antibody used. The HER2/CEP17 ratio on FISH was above 2 in cases 14 and 21, and the average of CEP17 signals was ≥3 in cases 16 ( Fig. 2 ) and 23; all these cases resulted amplified with the average of HER2 copy number ≥6.
All false negative readings were reviewed centrally. The 13 readings scored as 0 were confirmed, demonstrating that false negative results were due to analytical variability, particularly to antigen retrieval. Among the 43 false negative readings scored as 1+, 28 were attributable to problems during the microscopic evaluation, mainly due to the stringency of applying the scoring criteria by the pathologists (all these cases were scored as 2+ centrally). The remaining 15 cases read as 1+ were confirmed at central revision, thus showing that false negative results were due to laboratory performance concerning analytical phase.
Discussion
Because HER2-positive status correlates with clinical efficacy of trastuzumab, false-negative results of HER2 status testing may lead to under-treatment and deny eligible BC patients a potentially life-extending targeted therapy. Falsepositive HER2 results are an issue as well, as overtreatment of HER2-negative patients may have considerable side effects and represents a waste of resources. Accurate and reproducible diagnostic testing of HER2 status is therefore a key aspect for the appropriate use of trastuzumab in clinical practice.
Although IHC and ISH can be used interchangeably, IHC is widely available in most pathological anatomy laboratories, while ISH is generally centralized at experienced, wellequipped reference laboratories. Therefore, most laboratories rely on IHC to determine the HER2 status of BC cases, followed by ISH for equivocal cases (i.e., those scored as 2+ on IHC).
The importance of accuracy and reproducibility in the determination of HER2 IHC testing in BC has been frequently acknowledged [4, 6, 8, 18] , and participation in an EQA program is, in some countries such as UK, Canada and US, mandatory for all laboratories performing HER2 testing by IHC [4, 6, 8, 18] . In Germany, where participation in histopathology EQA program is currently not mandatory, annual or bi-annual nationwide trials (QualitatInitiative Pathologie, QuIP) for tissue-based markers in breast cancer (i.e. ER, PgR and HER2) have been set up on tissue microarrays; the participation of laboratories in these trials was on a voluntary basis [19] .
In our study we aimed to eliminate assay variation due to pre-analytical factors using BC cases from a single reference laboratory with a standardized pre-analytical phase and On the other end of the spectrum, clinical experience and recent literature [7] indicated that false-negative HER2 test results must be carefully considered. The revised criteria of ASCO-CAP recommendations published in 2007 [4] raised the HER2-positive threshold by FISH (HER2/CEP17 ratio from 2.0 to 2.2 or HER2 copy number from 4 to 6 copies/cell) and by IHC (strong circumferential staining from >10 % to >30 % of cells), leading to a potential under-estimation of false negative. To avoid this potential source of bias, we opted to use the US FDA threshold values for both IHC and FISH. Nevertheless, our study reports 56 readings that were scored as negative (13 and 43 readings scored as 0 and 1+ respectively) on IHC among those amplified by FISH. These false-negative results are attributable to analytical variability (13 of 13 scored as 0, 15 of 43 scored as 1+) and to interpretation criteria (28 of 43 scored as 1+).
In analytical phase, the availability of distinct antibodies and their specificity can take part in affecting reproducibility of results [20] . In our study, however, the average sensitivity was not affected by the antibody used, and the three laboratories that achieved a sensitivity of 100 % used each a different antibody.
In terms of analytical variability, it is well known as accuracy and reproducibility of results is highly dependent upon staining methodology, particular antigen retrieval [2, 5, 21] . In our study, 10 out 12 laboratories used commercial kit preparations (2 HercepTest™; 2 Bond Oracle® HER2 and 6 Pathway® HER2) according to the manufacturer's instructions. Commercial kits are used as semi-automated (HercepTest™) automated (Pathway® HER2) or fully-automated (Bond Oracle® HER2) system with open protocol with FDA certified antibody (Pathway® HER2) or FDA certified closed protocol (HercepTest™, Bond Oracle® HER2). In case of open protocol, optimization of antigen retrieval and incubation times is still required in order to adequately detect epitopes in paraffinembedded tissue [2, 5, 21] . Moreover antigen retrieval is done in a variety of ways in different commercial kits and this could produce marked differences in staining reactions, determining significant differences in IHC staining patterns that could partly explain the false negative results we reported. Laboratories are usually unaware of these variations if they do not participate in EQA programs. The different chemical composition of the retrieval solutions may affect the efficacy of the antigen retrieval process. In addition, duration and temperature are other two variables that are critical to the process of heat-induced antigen retrieval and can have an impact on tissue staining patterns. Although antigen-retrieval protocols have the potential to be standardized, they continue to vary not only between laboratories [21] but also between distinct commercial kit preparations. An analysis specifically aimed at identifying the technical aspects responsible of false negative 3  non-amplified  10  2  0  0  1  amplified  0  0  2  10  4  non-amplified  0  4  8  0  2  amplified  0  0  0  12  9  non-amplified  8  2  2  0  5  amplified  0  3  8  1  10  non-amplified  10  2  0  0  6  amplified  2  2  8  0  11  non-amplified  7  3  2  0  7  amplified  0  0  2  10  12 non I  4B5  1+  50  moderate  8  L  4B5  1+  80  weak  13  B  A0485 rabbit polyclonal  1+  >10  weak  13  E  4B5  1+  15  weak  13  G  A0485  1+  40  weak  13  M  4B5  1+  >10  weak  14  B  A0485  1+  20  weak   14  C  CB11  1+  30  weak  14  D  4B5  1+  >90  weak  14  G  A0485  1+  30  weak  14  I  4B5  1+  30  moderate  14  L  4B5  1+  >10  moderate  14  M  4B5  1+  >10  weak  16  D  4B5  1+  40  weak  16  E  4B5  1+  15  weak  16  G  A0485  1+  40  weak  16  I  4B5  1+  >10  moderate  16  L  4B5  1+  20  weak  16  M  4B5  1+  >10  weak  21  A  A0485  1+  60  weak  21  C  CB11  1+  20  weak  21  D  4B5  1+  30  weak  21  E  4B5  1+  80  weak  21  I  4B5  1+  15  weak  21  L  4B5  1+  >10  weak   21  M  4B5  1+  >10  weak  22  B  A0485  1+  >10  weak  22  C  CB11  1+  50  weak A0485, CB11 and 4B5: antibodies used as part of commercial kits A0485 rabbit polyclonal: antibody used in house protocol Reiner-Concin et al. [22] investigated the accuracy of HER2 IHC testing across 32 laboratories in Austria by using 10 BC cases, 2 of which were amplified on FISH. The proportion of 3+ scores among non-amplified BC cases was 1 % (2 out of 248), while the amplified BC cases that were classified as 0 or 1+ were 6 out of 63 (9.5 %), much lower than in our study. Their overall better performance compared to our study may be due to the disproportionate number of IHC 2+ equivocal cases included in our study that might have enhanced the discrepancies.
In terms of post-analytical phase, it is well known that the HER2 IHC scoring is subjective and inter-observer reproducibility can be problematic, especially for 2+ cases [23, 24] .
Even when experienced pathologists are involved, K statistics of only 0.67 and 0.74 were achieved for two HER2 IHC tests [23] . A study involving 94 laboratories from 21 countries found 73 % agreement on staining of tumor samples, and the lack of reproducibility was mainly due to the stringency of applying the scoring criteria by pathologists [24] . Subjectivity in HER2 IHC interpretation represents a major problem as there is no consistent epithelial internal positive control for HER2 within non neoplastic breast tissue [25] .
In the recent ASCO/CAP HER2 testing recommendation update [7] , published immediately after our study was implemented, the IHC 2+ "equivocal" category has been expanded to include cases that would have previously been classified as 1+ negative (circumferential membrane staining that is incomplete, weak/moderate and within >10 % of tumor cells) or 0 negative (strong complete membrane staining within<or equal 10 % of tumor cells). Applying these revised guidelines to our data, the false negative results would drop to 13 (3 %), as the 43 1+ cases (Table 4 ) would now be classified as 2+. The adoption of these updated ASCO/CAP recommendations on HER2 testing [7] could therefore reduce false-negative HER2 results and improve consistency of interpretation criteria among pathologists.
In summary, on the basis of our results, a standardization of preanalytical phase could reduce false positive rates in HER2 determination by IHC.
Participation of pathological anatomy laboratories performing HER2 testing by IHC in EQA programs should be highly recommended or even made compulsory, as the system is able to identify laboratories with suboptimal performance that may need technical advice. Finally, updated ASCO/CAP recommendations [7] should be adopted as the widening of IHC 2+ "equivocal" category would improve overall accuracy of HER2 testing, as more cases would be classified in the this category and, consequently, also tested with a ISH method.
